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Abstract
Controlling the polarization of light has been of interest for various applications in laser
materials processing, display systems, and spectroscopy among others. Despite great advance-
ments, the level of control over the polarization of light using naturally birefringent materials
and liquid crystals is still limited. In recent years, dielectric metasurfaces have enabled an
unprecedented control over the polarization and phase of light. Here, we demonstrate vectorial
holograms with almost arbitrary polarization patterns using structurally birefringent dielectric
metasurfaces. Using a modified Gerchberg-Saxton algorithm and converting the red-green-
blue data in arbitrary color images to Stokes parameters, we show that the demonstrated meta-
surfaces can store and project color image data in the polarization state of a monochromatic
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hologram. In addition to holograms with enhanced security and data storage capacity, we
believe that the developed concepts and methods will spur new applications in advanced struc-
tured illumination techniques, and more generally, whenever a complex polarization pattern is
required.
Keywords
Optical metasurface, flat optics, polarization optics, polarization hologram, vectorial hologram
Polarization is an important property of light that can be used for storing and transferring infor-
mation. Its control has been of great interest for various applications in display systems,1,2 particle
trapping,3,4 laser materials processing,5,6 and polarized Raman spectroscopy.7,8 Polarization has
conventionally been manipulated using naturally birefringent materials. Polarization holograms
are in general two or three dimensional holograms with a spatially varying degree or direction of
birefringence,9–12 encoding phase, polarization, and/or amplitude data. Computer generated polar-
ization holograms have mostly been utilized to store phase information using the geometric phase
and perform as polarization dependent gratings, lenses, and holograms.10,13–15 While polarization
holograms can in principle be used to control the phase and amplitude,16 or phase and polarization
simultaneously,17 limited phase control levels, complex fabrication, and large pixel sizes signifi-
cantly limit their applicability for these purposes.
Computer generated polarization holograms implemented using structural birefringence and
fabricated using conventional micro-fabrication techniques18–23 overcome some of the limitations
of conventional polarization holograms as they achieve higher resolutions, enable more precise
control of phase and birefringence, and are easier to fabricate. Nevertheless, the level of control
over polarization and phase is still very limited in these structures. Metasurfaces, two-dimensional
rational arrangements of scatterers,24–31 have in recent years enabled full and simultaneous control
of polarization and phase on a subwavelength lattice and with high efficiency.32 Most demonstra-
tions so far have either focused on solely controlling the polarization33–35 or independent control
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of phase for two orthogonal polarizations.36–40 Another important application of the concept and
platform is the simultaneous control of polarization and phase.32 Although this ability has been
partially utilized to demonstrate metasurfaces that shape the beam and work as half-wave plates
simultaneously,41,42 its full potential has not been explored yet.
Here, we employ the previously developed simultaneous polarization and phase control ca-
pability of high-contrast dielectric measurfaces32 to demonstrate a new category of polarization
holograms, where the electric field vector is controlled independently on each point of the mask.
The holograms project vectorial images in which the data is stored in the state of polarization. We
propose and employ a modified Gerchberg-Saxton (GS) algorithm that enables the design of these
vectorial holograms. Given the existence of three independent degrees of freedom in the polar-
ization of light for fully polarized beams, we experimentally show that these vectorial holograms
can store and project the data in arbitrary red-green-blue (RGB) full-color images. It is worth not-
ing that diatomic plasmonic as well as high-contrast dielectric metasurfaces were recently used to
demonstrate vectorial holograms.43,44 However, the vectorial holograms demonstrated in43,44 are
basically spatial superpositions of multiple holograms that have specific output polarizations (e.g.,
the metasurface consists of a few spatially multiplexed holograms projecting images with different
polarization states). In addition to a lower efficiency, there are several problems with a spatial mul-
tiplexing scheme for such polarization holograms. Some of these issues are a significantly lower
degree of control over the polarization state distribution of the hologram, much lower complexity
in the polarization state of the projected image, and lower hologram quality due to an effectively
smaller aperture for each sub-part of the hologram. Moreover, in areas where the different sub-
parts of the hologram overlap, the overall polarization state is not controllable (and in general ends
up having a random state of polarization) because the phase distribution over the hologram area
is not controlled. In contrast, the metasurface holograms demonstrated in this manuscript act as
whole to create polarization patterns of arbitrary complexity as evidenced by the encoded RGB
images.
Figure 1 shows a schematic of a metasurface and the color-encoded polarization hologram gen-
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erated. The metasurface is illuminated by a beam with known wavelength and polarization state.
The dielectric metasurface, made up of high refractive index nano-posts, enables simultaneous and
independent control of the output light’s phase and polarization.32 Since each nano-post operates
almost independently, this full control can be implemented on a subwavelength lattice. This allows
for an unprecedented control of the vectorial electric field transmitted through the metasurface. As
we show in the following, this control can be utilized to encode the data of a color image into the
polarization state of light projected by the metasurface.
Polarization of light can be fully characterized using the Stokes parameters S0, S1, S2, and S3,
usually defined as S0 = I , S1 = Ix − Iy, S2 = I45 − I−45, and S3 = IR − IL. Here, I denotes
the total light intensity, Ix and Iy are the partial intensities of light linearly polarized along the x
and y axes, I45 and I−45 are the intensities in the linear bases along +45◦ and -45◦ axes, and IR and
IL denote the right hand and left hand circular intensities, respectively. For fully polarized light,
the four parameters are related through the relation S0 =
√
S1
2 + S2
2 + S3
2. This, reduces the
number of independent parameters to three, which in a different representation correspond to the
amplitude of the electric field along the x and y axes and their phase difference. We would like to
note here that the three Stokes parameters S1, S2, and S3 can be used as completely independent
parameters to represent any three-dimensional space, as long as the fourth one S0 (i.e., the total
light intensity) is left to vary freely.
As shown in Figs. 2a and 2b, the red, green, and blue components of a color image can be
mapped to the Stokes parameters S1, S2, and S3 through a simple linear transformation that maps
the color ranges to the [-1,1] interval. Figure 2c shows the distribution of the pixels of the image
shown in Fig. 2a on the Poincare sphere. This shows that the points cover a very large portion of
possible polarization states, denoting the capability of the method to generate images with arbitrar-
ily complex polarization distributions. Finally, for the actual hologram design process it is more
useful to use the electric field representation of polarization, which is possible as the light is fully
polarized. Figure 2d shows the amplitudes of the electric field along the x and y axes, |Ex| and
|Ey|, and their phase difference, φ = 6 Ey− 6 Ex, which are calculated form the Stokes parameters
4
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plotted in Fig. 2b.
To design the metasurface, we developed and used a modified GS algorithm. As shown in
Fig. 3, the field right before the metasurface has an amplitude of one and is polarized along the
x axis. The field right after the metasurface can have any arbitrary polarization and phase distri-
butions, however, it has a unity amplitude, i.e.,
√|Exm|2 + |Eym|2 = 1. On the hologram plane
in the far field, polarization and amplitude distributions (|Exh|, |Eyh|, and φ) are set, while the
relative phases between different points, 6 Exh, are available degrees of freedom. We start the de-
sign process by assigning a uniform phase to the field in the hologram plane, and setting the initial
hologram fields as follows:
Ex
h(1) = |Exh|
Ey
h(1) = |Eyh|ejφ
. (1)
At each subsequent step, the metasurface field is calculated through the following Fourier trans-
form relations:
Ex
m(i) =
F [Exh(i)]
I(i)
Ey
m(i) =
F [Eyh(i)]
I(i)
I(i) =
√
F [Exh(i)]2 + F [Eyh(i)]2
, (2)
where i is the iteration step, F [·] represents the Fourier transform operator, and I(i) is the total
intensity used to normalize the field as it should have a unity amplitude. The hologram fields in
the next iterations should satisfy φ = 6 Ey − 6 Ex. Therefore, in each step we can only set the
phase of one polarization from the GS algorithm, and the phase of the other polarization should
be calculated using the known phase difference, φ. To make the process symmetric for the two
5
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polarizations, we alternate between them in each pair of iterations, i.e.,
i is even :

Ex
h(i) = |Exh|exp(j 6 F−1[Exm(i− 1)])
Ey
h(i) = |Eyh|exp(j 6 F−1[Exm(i− 1)]+jφ)
i is odd :

Ex
h(i) = |Exh|exp(j 6 F−1[Eym(i− 1)]−jφ)
Ey
h(i) = |Eyh|exp(j 6 F−1[Eym(i− 1)])
. (3)
In the examples used in this work, the modified algorithm converged to the final designs in less
than twenty iterations. It is worth noting here that as the hologram operates primarily as a phase
hologram, it has a relatively low sensitivity to amplitude variations. Therefore, if the metasur-
face transmittance (albeit above 90% on average) is lower in some areas than others, it does not
significantly deteriorate the hologram performance.
After determining the required field distributions on the metasurface, we need to design a
metasurface structure that can generate these field distributions with high efficiency. We used the
high-contrast dielectric metasurface structure that enables full control of output polarization and
phase.32,38 As shown in Figs. 4a, b, and d, the metasurface is based on high-index cuboid nano-
posts with different dimensions along the x and y axes, a and b, respectively. For proper choices of
the nano-posts height and distance, the transmission phases can be controlled independently from
0 to 2pi, while keeping the transmission amplitude close to 1. For the operation wavelength of
850 nm, we used amorphous silicon (α-Si) nano-posts that are 682-nm tall and located on a square
lattice with a 420-nm long lattice constant. Figure 4c shows the nano-post side lengths, a and b,
versus the transmission phases for x- and y-polarized light.
As demonstrated in,32,38 the metasurface structure of Fig. 4 can control the phase and polariza-
tion of output light independently on a subwavelength lattice. Specifically, when the transmittance
of the metasurface is close to unity, the transmission of the nano-post shown in 4d can be modeled
6
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as Eout = TEin, where the Jones matrix T is given by:32,38
T =
 Txx Txy
Tyx Tyy
 = R(θ)
 eiφx′ 0
0 eiφy′
R(−θ), (4)
where R(θ) denotes the rotation matrix by an angle θ in the counter-clockwise direction, and φx′
and φy′ , show the transmission phases along the two axes of the nano-post. Using the unitarity
and symmetry of the Jones matrix, we can rewrite equations in terms of the unknown Jones matrix
elements:32,38  Eout∗x Eout∗y
Einx E
in
y

 Txx
Tyx
 =
 Ein∗x
Eoutx
 . (5)
Therefore, once the input and output electric field vectors are known at each point on the meta-
surface, the corresponding Jones matrix can be calculated from Eq. 5. Then, the required rotation
angle θ and phase pairs, φx′ and φy′ , can be calculated using Eq. 4. The data in Fig. 4c can then be
used to find the nano-post that provides the required phases.
Finally, in order to experimentally demonstrate the capability of the proposed method and
structure to generate polarization holograms, we designed and fabricated different polarization
holograms that project the data in a few color images. The process used to fabricate the devices
has been previously discussed in several publications.32,38,45 In short, a layer of α-Si was deposited
on a fused silica substrate. The metasurface pattern was defined using electron-beam lithography
and reversed through evaporation and lift-off of an aluminum oxide layer. This layer was used as a
hard mask in dry etching of α-Si and was removed after the etch step. And optical and an scanning
electron microscope image of the fabricated device are shown in Figs. 4e and 4f, respectively.
To measure the hologram, we used a custom-built microscope that imaged the back-focal plane
of an objective lens on an image sensor using a 4-f system (Fig. 5a). We used a linear polarizer
to set the input polarization along the x axis. In addition, a polarization analyzer composed of a
quarter waveplate and a linear polarizer was used inside the 4-f system to measure the hologram
Stokes parameters. The measured Stokes parameters are then converted back to RGB data and
7
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combined to form the measured holograms.
The original, simulated, and measured color images are shown in Figs. 5b and 5c for two
images. Both holograms are about 30 degrees in height, corresponding to a diagonal numerical
aperture (NA) of 0.36 for the hologram in Fig. 5b. The design process was exactly similar for two
example images, and started by calculating the Stokes parameters from the RGB data, as shown in
Figs. 2a and b, which correspond to the hologram of Fig. 5b. The initial electric field distribution
of the hologram was then calculated from the Stokes parameters (Fig. 2d), and the modified GS
algorithm was used to calculate the required metasurface electric field distributions as well as the
simulated polarization holograms (the middle images shown in Figs. 5b and 5c). Assuming an
input electric field polarized along the x axis, the corresponding nano-posts were found through
the process explained in the previous paragraph.
It is worth noting that different linear transformations might be used for mapping specific colors
to specific intensities. Here, using 8-bit color images where the RGB values change from 0 to 255
for each color, we simply used the linear relation Si = (X−128)/128, where i can be 1, 2, or 3 and
X denotes R, G, or B, respectively. However, one might want to have a different color mapping,
for instance convert black to an intensity of zero. This might simply be possible either through
using only half of the possible existing polarization states, i.e., by setting Si ≥ 0, or using a more
complicated mapping.
An alternative design method is possible where all the nano-posts have the same rotation axis
(i.e., all nano-posts have θ = θ0). In that design, there is no conversion between the two linear
polarizations along the two axes of the nano-posts, which we can call x and y without loss of
generality. As a result, the input and output x-polarized (as well as y-polarized) powers should be
equal, which means that the input polarization should be chosen based on the axes directions and
the desired hologram. In addition, the normalization step in the hologram design algorithm (i.e.,
Eq. 3) would be slightly different for this method. We simulated the same polarization holograms
using this alternative method, and did not observe any significant difference in their performance.
With proper choice of materials and scaling the designs, it is straightforward to generalize the
8
Page 8 of 20
ACS Paragon Plus Environment
ACS Photonics
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
concept and the devices to other wavelengths. For instance, titanium dioxide metasurfaces have
been shown to achieve similar control abilities over the phase and polarization of light36,46 in the
visible wavelengths. It is worth noting, however, that these devices typically have lower efficiency
mainly due to lower index contrast and higher sensitivity to fabrication errors.
The new capabilities of dielectric metasurfaces in simultaneous control of phase and polar-
ization allow for implementation of new categories of devices with no conventional counterparts.
Here, we demonstrated vectorial holograms that generate polarization patterns of almost arbitrary
complexity, designed using a modified GS algorithm. The devices operate in the near infrared
and are based on an α-Si birefringent metasurface. The same method and structure can readily
be used in other wavelength ranges using various materials.46,47 While the demonstrated concepts
and methods can be used to make holograms with enhanced security and added data storage capa-
bilities, we expect that they spur more important applications in advanced structured illumination
schemes or vectorial beam generation.
Figure 1: Schematic illustration of a metasurface polarization hologram, projecting a polar-
ization pattern encoding an RGB image. The metasurface is illuminated with a beam of known
wavelength and polarization. Each dielectric nano-post is designed to control the polarization and
phase of the output light at its location. The artistic illustration is used with permission from
Caltech and the artist Rustam Hasanov.
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S1 S2
S3
Original image S1 ~ R
|Ex| f =ÐEy?ÐEx|Ey|
S2 ~ G S3 ~ B
-1 0 1
0 0.5 1 0 0.5 1 -? 0 ?
-1 0 1 -1 0 1
Amplitude Amplitude Phase
S1 S2 S3
a
c d
b
Figure 2: Mapping an RGB image data to polarization. (a) The original RGB image. (b)
The red, green, and blue components of the image in a, corresponding to the Stokes parameters
characterizing the polarization pattern. (c) The Poincare sphere representation of the polarization
pattern corresponding to the image in a. The position of each point and its color demonstrate the
polarization and intensity of light at one point in the image. For the data to be more clear, only
about two percent of the original image pixels are shown. (d) The electric field amplitudes along
the x and y axes and their phase difference, calculated from the Stokes parameters in b. This data
is directly used in the metasurface hologram design algorithm through a modified GS algorithm.
The artistic illustration in panels a, b, and d is used with permission from Caltech and the artist
Rustam Hasanov.
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Figure 3: Schematic of a metasurface projecting a desired polarization pattern. The projected
polarization pattern is characterized by the Stokes parameters S1, S2, and S3, and the required
electric field vector on the metasurface, with components Exm and Eym, is calculated using the
modified GS algorithm.
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Figure 4: Metasurface structure and design graphs. (a) Schematics of a uniform lattice of di-
electric nano-posts showing the post dimensions. (b) Side-view of the uniform array of nano-posts,
showing the transmission parameters along the x and y axes. With a proper choice of the material,
lattice constant, and post height, φx and φy can be fully and independently controlled to cover
the whole 0–2pi range. (c) Chosen values of a and b for achieving φx and φy. (d) Simultaneous
control of the output polarization and phase by rotating the nano-post with correspondingly chosen
dimensions. The nano-post can generate an output field with any arbitrary polarization and phase
from any given input polarization. (e) An optical image of the fabricated polarization holograms.
(f) Scanning electron micrograph of a part of the fabricated hologram.
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Simulation
Original image
Original image
Measurement
Measurement
a
QWPL1 CameraL2LPPH
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Figure 5: Simulation and measurement results. (a) Schematic of the optical setup used to
characterize the polarization holograms. A 4-f system (L1 and L2) is used to image the back
focal plane of the objective on the camera. DL: Diode laser; FC: Fiber collimator; LP: Linear
polarizer; PH: Polarization hologram; OL: Objective lens; BFP: Back focal plane; L1 and L2:
Lenses; QWP: Quarter waveplate. (b, c) The original target image along with simulated and
measured polarization holograms converted to false-color images. Both holograms are about 30-
degrees tall, corresponding to a diagonal NA of 0.36 for the holograms in panel b. The artistic
illustration in panel b is used with permission from Caltech and the artist Rustam Hasanov. The
Caltech icon in panel c is used with permission from Caltech.
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Methods
Simulation. The rigorous coupled wave analysis technique48 was used to calculate the transmis-
sion amplitude and phase of the rectangular nano-posts. The refractive indices of α-Si and fused
silica were assumed to be 3.6 and 1.45 at the operation wavelength of 850 nm. The sizes of nano-
posts that provide a specific phase pair plotted in Fig. 4c are found through minimizing the total
complex error |tx − exp(iφx)|2 + |ty − exp(iφy)|2. The holograms are designed using Eqs. 1-3,
where the fast Fourier transform technique is used to calculate the discrete Fourier transforms. The
algorithm converged to the final designs in less than 20 iterations in all cases.
Sample fabrication. The α-Si layer was deposited on the fused silica substrate using the plasma
enhanced chemical vapor deposition to a final thickness of 682 nm. The metasurface pattern was
generated using an EBPG5200 electron beam lithography machine in a positive electron resist
(ZPE-520A). An electron beam evaporated aluminum oxide layer was used to reverse the generated
pattern with a lift-off process, and was then used as a hard mask for dry etching the α-Si layer.
The aluminum oxide layer was then dissolved in a mixture of hydrogen peroxide and ammonium
hydroxide.
Measurement procedure. The measurement setup is shown in Fig. 5a. The metasurface was
illuminated by an x-polarized collimated beam from an ∼850-nm laser diode. An objective lens
(LMPlanFl 20×, NA=0.4; Olympus) was used to form a Fourier transform of the metasurface
hologram in its back focal plane. A 4-f system (LB1471-B, f=50 mm and LB1437-B, f=150 mm;
Thorlabs Inc.) was then used to image the back focal plane onto a charge-coupled device image
sensor (CoolSNAP K4; Photometrics). A polarization state analyzer formed from a quarter wave-
plate (AQWP10M-980; Thorlabs Inc.) and a linear polarizer (LPVIS100-MP2; Thorlabs Inc.),
placed inside the 4-f system, was used to measure the Stokes parameters of the holograms. The
measured Stokes parameters were numerically combined and converted to color data to form the
final false-color holograms.
The authors declare no competing financial interest.
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